A Major purpose OT the 1ecnni
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.
Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1




LA-UR-84-1873 PORTIONS OF THIS REPORT ARE (LLEGIBLE.

has been reproduced from the best é'\-ail'z.ahi'e"
copy to permit the broadest possible avail-
ability.

Los Alamos Natonal Laboratory 18 operated by the Un.versity of Cahformia for the United States Department of Energy under contract W-7405-ENG-36

LA-UR--£4=-1873

£ UARK TUNNELING IN HYPERNUCLEI
" ! LEB4 013903

AUTHOR(S). T. Goldman, T-5

ions
SUBMITTED TO For proceedings of the Conference on the Intersect
Between Particle and Nuclear Physics, Steamboat Springs,

€O, May 23-30, 1984 %
J’dv
DISCLAIMER ‘,},&
e

Tiris report was prepared as an account of work sponsored by an agency of the United States
CGiovernment.  Neither the United States Governmert nor any agency thereof, nor any of their
employces. makes any warrunty, express or implied, or assumes uny legal linbility or responsi-
bility for the accuracy, completeness, or usefulness of uny information, apnaratus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer.
ence herein to any specific commercial product, pracess, of service hy trade name, tradem k,
manufacturer, or otherwise does not necessarily constitute or imply its cndorsement, recum-
mendution, or favoring hy the United States Government or uny ngency thercof. The views
and opinions of authors expressed hercin do not necessarily state or reflect thuse of the
United States Giovernment or any agency thereof,

By acceptance of this article the publisher recognizes thal the U S Gavernmeni retains a noneaclusive "oyalty-iree hicense to publish or reproduce
the publighed form of this contribution or 10 allow others to do #0, for US Governmant purposea

The Los Alamos National Laboratlory requests thal the pubhisher identify this article as work performed under (he suspices of the U S Depariment of Energy

MISTRIRIEAN AF THI (NCHRERY Y RHMIER

LOS Al2RNOS Leshiamos NationalLaborstory


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


QUARK TUNNELING IN HYPERNUCLEI

T. Goldman
Theoretical Divison, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

A new model of nuclei is described. Its qualitative guccesses
are dJdiscussed. Its implications for and new tests in hypernuclei
are introduced.

I begin from the assumption, based on its successes 1in
particle physics and hadron spectroscopy,! that Quantum Chromo-
Dynamics (QCD) is the correct theory of the strong interactions.
Nuclear physics must then be a derivable aspect of QCD and one must
ask how to achieve this. Conventional nuclear physics implicitly
assum2s that one should first construct baryons and mesons, and
then analyze their residual, color singlet (van der Waals-like)
interactions. Although this has been a very successful phe-
nomenology, it has no wathematical justification within QCD.

_ To see this, consider the QCD path integral with quark sources
n,n:
z{n,n) = fdlqld[q)d[G] expi {Sy. + (1)
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This describes, at once,

a) free propagation of A nucleons

b) 2, 3, . . . A-1 body interactions of A nucleons with

otherwise free propagation -

¢) A-nucleon scattering resonance and bound state poles.
Part c¢) includes all nuclei of baryon number A and their excited
states. (Part b) includes all smaller nuclei.) In Eq. (2), all
gluon fluctuations have been summed over, and all higher quark Fock
components are implicit. In principle, even strange (s-s), charm
(c~c), etc. nuclear components are included.

At present, we do not know how to evaluate Eq. (2) directly
and npon-perturbatively. Even lattice QCD calculations,? which
study hadron spectroscopy, are prerently limited to lattices with



an overall size of about 1 fm. So we .must make a guess &8 to what
classical configurations dominate the path integral. The guess
which is the starting point of conventional nuclear physics is that
the 3A quarks clump into A regions of relatively high quark
density, which we identify as nucleons, and that there are no
significant phase relations between the quark amplitudes in these
regions.

However, the motion of the quarks relative to the c. m. of
each npucleon implies that the quark wavefunctions, even from
nucleons in different orbitals, are not orthogonal. Further, the
meson exchange picture of the nuclear force populates the inter-
nucleon regions with finite quark amplitudes. Finally, the nucleon
size is large compared to the average intev-nucleon spacing,
whether evaluated for a full Breuckner-Hartee-Fock (BHF) A-body
wavefunction, or for close packed hard spheres. All of these
points lead us to believe that phase correlations can, and will,
develop between quark waves nominally in different nucleops.

I want to emphasize the unreasonableness of omitting such
phase relations, ab initio. Although the quark amplitude may
rapidly diminish in the region beyond 1 fm from the c. m. of a
hadron, we know on general quantum mechanical grounds that the
overall quark eigenstates of two such hadrons, at any separation,
must be the symmetric and antisymmetric combinations of the indi-
vidual wevefunctions. For '"large" separacions, these two states
will be almost degenerate, and we can ignore the difference for
"short" interaction times. But "large" aad '"short" should be
demonstrated. It could happen that the effects ¢f the phase corre-
lations are negligible. Our calculations, however, rghow that, at
nuclear matter density, the internucleon separations are not large
enough, and the nuclear time scale is not short enough to ignore
these phase correlations. They have significant effects on the
scale of nuclear binding energies. This is a common effect in
solid state physics and in chemistry. Two examples: The electrons
in the bands contribute to the stiffening of crystale. The benzene
ring is pot made of Carbon atoms, but of Carbon "cores'"; the
binding and stiffening are due to delocalized, phase coherent
electrons.

To proceed, we must give an ansatz, ultimately to be tested
from Eqs. (1) and (2), which reflects the lumpiness of the quark
density distribution in nuclei. We assume® that t.e result cf the
path integration over the gluon ficld and over the quark-antiquark
pair fluctuations is an array of A truncated QCD potentials, the
eigenstate of which are to be filled by 3A quark:s. The QCD
potential is that betweea & quark (color triplex) and an anti-
triplet of color. The A origins for this confining potential, which
we term color singlet centers (CSC), correspond to nucleon c. m.'n
for an intrinsic BHF wavefunction. The potential at » given point
is that calculated from the nearest CSC; thus the potentials are



truncated in the nuclear interior. Quarks are still confined to
the region of the nucleus by the potential arising from the CSC's
on the nuclear surface. Fig. 1 shows a one dimensionzl represen-
tation of our mean field potential and the lowest eigenmode.
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Fig. 1. Mean field potential and wavefunction of lowest
eigenmode.

Before embarking on detailed calculations of nuclei in this
model, we examined a toy problem® to see if anythiag like real
nuclei resulted from our ansatz. This toy problem involved cubical
nucleons, with delta-functon barriers on the faces between cubes,
and an infinite barrier at the surface. The delta-function barrier
strength increased as the square of the separation betweeu the
nucleons. The advantages of the Cartesian separation of variables
are obvious.

The toy problem exhibits the expected features: The lowest
eigenstate has a quark energy lower than in an individual (cubical)
nucleon. The bhighest filled state bhas the same wave number as in a
nucleon, but oscillates coberently across the nucleus (180° phase
change from ome cube to the next). The wavefunctions for A=27 are
vhown in Fig. 2. The overall energy of the nucleus rices as it is
compressed, due tn stronger localization of the quark waves. The
overall energy also rises if one increases the separation between
the pucleons due the increased barrier strengxtk and so, reduced
tunneling. The mean binding energy per nucleon saturates at 30 -
60 MeV, for large nuclei and reasonable values of the barrier
strength.

Using West's technique,¥ we have also found the quark proba-
bility distribution in our nuclei. These show enhancements both at
low and high momentum fraction, x, relative to the distribution in
s nucleon. The former, known as the EMC effect, is due to quark
delocalization in our nuclei, and the latter is due to collective



nuclesr recoil, often described as Fermi motion. We find a weak
increase in the EMC effect® with increasing A, qualitatively con-
sistent with the data. We have not asttempted a detailed fit to the
data using this highly artificial toy model.
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Fig. 2. Wavefunctions of three lowest Cartesian eig: imodes
for A«27; b=0.93 fm,

The toy problem illuminates many features of the true model.
One is led naturally to a quark ‘'shell" model of nuclei. The
energy eigenstates cluster, forming almost a band, ranging from 60
to 70 MeV below the eigenenergy of & quari Iin a nucleon. A second
“band', with wider spacing of the modes, appears from about 100 MeV
above the top to twice the top energy of the lowest band. It is
clear from this, and Pauli cxclusion, that the quark higher Fock
components are suppressed: The addition of an antiquark provides
much less binding energy than must be paid to be put a quark in the
secoend band. Of course, the intrinsic wavefunctions must be pro-
jected to definite angular momentum states, which we did not do in
the toy problem.

It is immediste in this quark "shell" model that double charge
exchange (DX) in nA scattering is not s convolution of two single
charge exchanges (CEX). CEX proceeds dominsntly by u <« d quark
interchange, producing a strong_n signal® when phase _space is not a
constraint, while DCX requires dd annihilstion into uu to accompany
CEX. Thus, two u's must contend with Pauli blocking. Strangeness
exchange is similarly straightforward: The s-quark in a may
exchange with a u from the target nucleus, but the s from a K, to
first order, finds no appropriate target, and so is suppressei,



In the quark "shell" model, hypernuclei appear to be very
different than ip the conventional picture. Instead of a A sinking
down to the lowest nucleon state, it is ripped apart: The strange
quark may settle into the bottom of the well, but its sccompanying
up and down quarks are blocked, and must occupy the highest levels
in the nucleus. If viewed as a single object, the A stays at a
higher average level than expected. The net result is a smaller
binding energy for the A than expected.’

Hypernuclei provide a wonderful new testing ground for our
quark model of nuclei. Unlike conventional czlculatiomns, which
acquire myriads of essentially free parameters which must be meas-
ured, (although in principle, they can be calculated from QCD) such
as the A-N scattering length and A spin-orbit coupling, our model
has only the strange quark mass as a pew parameter, and this must
be consistent with the A, ), etc. masses. Having fixed this, we
can predict hypernuclear masses with no free paramecters.

Although we have not yet done so with precise cslculations,
simple, parton-model-like estimates can be made quickly. In 4He,
we must replace one of the 12 ordinary quarks with a strange one.
Because it is massive, delocalization is l2ss significant for it
and so it provides less binding energy: VWe estimate

———
4 ~ 4 2 2° o
plle = “He + JEq t &l Eq (3)

The binding energy is about 20 MeV.

The result is aquite sensitive to m_, the strange quark mass. A
more precise quark-nucleus caiculation should yield & significant
value of m_ from the experimental value of the binding energy. As
it 1is, the® same parameters as in Eq. (3) imply that the binding
energy of SHe is 45 MeV. These estimates do not include any
reduction dﬁe to the separation of the s-quark from its u,d
partners in different states. This is also true for the corre-
sponding 13 MeV estimated binding energy in large nuclei.

Although these results are not accurate, we have landed in the
right ballpark 'ith an extremely crude approximation. Conventional
calculations must invoke A-Z coupling (mixing) to avoid over-
binding? the A. In our picture, ,Z is actually a misnomer: An
ordinary quark has been replaced by a strange quark, bhut there is
nothing to indicate any organization of quarks into s A or a 1.
Cnly the overall isospin is well defined; as such, A-I mixing is to
be expected, a5 botih can contribute to a state of given isospin and
strangeness,

_ As an asside, we raise the question of "hyponuclei,”" namely AZ
+ A. Here the ordinary aniciquarks as wvell as the (anti) strange
quark can sink to the lowest energy state. Also, there is no addi-
tional color electric energy required to separate the three antj-



quarks into different eigenstates as there was for the quarks.
Thus, we expect significantly larger binding. Unfortunately, it
will not be large enough to prevent g

A-2, , A2

A

Z+K+nn's (4)

which is an open channel with at least 1 GeV available. Observing
the binding energy of such a short-lived hyponucleus is probably
very difficult.

The last test we would like to discuss is hypernuclear beta
decay. As you well know, A+ N + 11 in a large nucleus is Pauli
blocked, but the weak scattering AN + NN may still occur. _Our
model draws the same conclusions on the quark level: s + udu is
blocked but su » ud can occur. In %He » *He + n, the channel is
even open and the wavefunction overfzp is good. In 5He, the decay
channel with good overlap is blocked, but there is suéficient phase
space to reach "SHe", where the overlap is poor.

Semileptonic decays may provide more distinctive and quanti-
tative tests. Since the weak decay varies as the fifth power of
the energy released, we expect at least a 10% difference from the
absolute semi-leptonic decay rate of a free A. It should be possi-
ble to make this estimate very accurate, even beyond the spectator
approximation. The result should be different from conventional
calculations becausc¢ the strange quark provides virtually all of
the binding energy. 1In the conventional picture, this is shaced
with the u and d quarks since it is the A, as a whole, which binds.

In conclusion, I have described a potentislly viable new model
for nuclear physics, which is closely linked to QCD and has es-
sentially no free parameters. Although I have not described a
realistic application, I am presently working with K. Schmidt and
G. J. Stephenson, Jr. on %He, using the full Dirac equation with
QCD potentials derived from charmonium and upsilon studies. So
far, we have found thast quark delocalization provides at least as
much binding energy as needed to match experiment.

I bave indicated that spectra and decay rates in hypernuclei
may be predicted to be very different from what is expected in the
conventional picture. This is in addition to new observations ap-
plicable to ordinary cuciei, such as the implicitly phonon char-
acter of excitation ugectra, and the virtual absence of pionic
field in any nucleus. Because of the significant differences
between a strange quark and a point A in s nucleus, hypernuclear
physics offers an outstanding opportunity to clarify one of the
forefront problems in nuclear physics today - namely its relation
to QCD.

Let me close with the observation that if this new picture of
nuclel is experimentally confirmed, the vast wealth of nuclear
phenomenas will then foster the study of QCD et large distances.
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